Anodic polarization measurements for various ruthenium (Ru) alloys revealed that hexagonal close-packed nanoporous Ru (np-Ru) can be fabricated by dealloying or selective dissolution of manganese (Mn) from RuMn alloy. The pore size and specific surface area of fabricated npRu were 3 nm and 51.5 m 2 g ¹1 , respectively. An electron diffraction pattern suggested a polycrystalline nature of the fabricated np-Ru, which is perhaps due to the change in the crystal structure during dealloying. The oxidation of carbon monoxide (CO) was efficiently catalyzed by the npRu. The activation energy was 82 kJ mol ¹1 which is comparable to that of the polycrystalline RuO 2 /Ru catalyst. The present np-Ru is a novel candidate as a recoverable Ru catalyst.
Introduction
Ruthenium (Ru) is one of the less-expensive platinumgroup metals (PGM), and is known for its unique catalytic oxidation of carbon monoxide (CO) to carbon dioxide (CO + 1/2O 2 ¼ CO 2 ). While Ru is the poorest PGM catalyst for CO oxidation under ultrahigh vacuum, 1) it is a superior catalyst under ambient pressure. 2, 3) This "pressure gap" is only observed for Ru, and was once attributed to RuO 2 formation at the surface. 4) However, more recent studies suggest that this behavior can be rationalized in terms of CO and oxygen binding, 5) and its exact origin is still being debated. Joo et al. reported that Ru nanoparticles with diameters of 26 nm exhibited inverse size dependence in catalyzing the oxidation of CO. 6) Larger nanoparticles exhibited a higher conversion, despite their specific surface area being smaller. These results suggest that CO oxidation by these less-expensive Ru catalysts has the potential for investigation and promotion in practical applications. For example, the purification of automobile exhaust gases and the selective oxidation of fuel streams for polymer electrolyte fuel cells are attractive potential applications.
Studies of CO oxidation by Ru catalysts have predominantly been conducted using Ru single crystal faces. 1, 2, 4, 5, 7, 8) Supported Ru nanoparticles have been also used in catalytic studies. 3, 6, 911) Unsupported porous-metallic catalysts are another promising form of catalyst. Porous-metallic catalysts are superior to supported nanoparticle catalysts in terms of recovery after use, because the separation of catalytic metals from the porous skeletal support is unnecessary for porousmetallic catalysts. In addition to conventional Raney Ni or Cu porous catalysts, 12, 13) nanoporous metals fabricated by dealloying 14) are emerging potential catalysts. Nanoporous Au fabricated by dealloying of AuAg alloys exhibits catalytic activity for CO oxidation, 15, 16) in contrast to bulk Au. Nanoporous Pt exhibits abnormal hydrogen sorption characteristics, probably due to surface lattice disorder. 17) Thus, nanoporous metal structure appears to influence various phenomena within the nanopores. CO oxidation over unsupported nanoporous Ru (np-Ru) is also worth investigating, however the fabrication and catalytic properties of np-Ru have been much less frequently documented. Aika et al. thoroughly elucidated the catalytic properties of porous Raney Ru fabricated by dealloying of RuAl alloys in alkaline solution, 1823) although CO oxidation over Raney Ru has not been reported to date. Xu et al. investigated the electrocatalytic properties of nanoporous PtRu synthesized from a PtRuAl ternary starting alloy. 24) RuAl starting alloys inevitably possess intermetallic compounds, 25, 26) which leads to heterogeneity in the resulting structure. A single-phase solid solution of Ru alloy is a more suitable starting material for np-Ru with a homogeneous nanostructure.
In this study, the anodic polarization behavior of Rucontaining single-phase alloys in an electrolyte was examined, for fabrication of np-Ru by dealloying. Very fine nanoporous structures with typical lengths of 3 nm were generated in hexagonal close-packed (hcp) metallic Ru. The catalytic activity of fabricated np-Ru for CO oxidation was then investigated to determine the activation energy (E a ) of the reaction. The quasi-static electrochemical behavior of the alloy ingots was examined by linear sweep voltammetry in 0.1 mol/L H 2 SO 4 electrolyte with a scan rate of 1 mV s ¹1 , using a standard three-electrode electrochemical cell with a Pt wire as a counter electrode, a saturated calomel electrode (SCE) as a reference electrode and the alloy (polished with #1200 SiC paper) as a working electrode. A 9 mm 2 area of the working electrode was exposed to the electrolyte by covering the rest of the alloy surface with Teflon tape.
According to the anodic polarization behaviors of the Ru alloys, Ru 0.20 Mn 0.80 alloy was subjected to dealloying to fabricate np-Ru. A constant electrochemical potential of +700 mV (vs SCE) was applied to the Ru 0.20 Mn 0.80 working electrode for 5 h at room temperature.
Scanning electron microscopy (SEM) images of samples were recorded using SU6600 (Hitachi High-Technologies Corp.) at an accelerating voltage of 20 kV. During the SEM observation, energy-dispersive X-ray spectroscopy (EDXS) was also conducted for elemental analyses. Samples for transmission electron microscopy (TEM) observation were prepared using an ion-slicing apparatus after mounting sample powder in an epoxy resin. TEM images were recorded using a JEM-2100F microscope (JEOL Ltd.) at an operating voltage of 200 kV. X-ray diffraction (XRD) analyses were performed using X'Pert Pro (PANalytical) with Cu-K¡ radiation. N 2 adsorption/desorption isotherms of the sample pretreated at 383 K for 3 h in vacuum was obtained using AUTOSORB-1-C (Quantachrome Instruments). X-ray photoelectron spectroscopy (XPS) was also conducted on the np-Ru under vacuum (6.7 © 10 ¹8 Pa) using ULVAC-PHI ESCA5800 with Al K¡ radiation (h¯= 1486.6 eV) for surface analyses.
Catalytic activity for CO oxidation
To examine the catalytic activity of np-Ru, CO oxidation reactions in the presence of np-Ru were carried out. 14 mg of dealloyed np-Ru was ground and supported with quartz wool in a 4 mm internal diameter Pyrex reaction tube. The reactor was placed in a heater bag where the temperature was measured and controlled using a K-type thermocouple close to the 0.8 mm thick catalyst layer. A N 2 balanced mixture gas containing 4% CO and 2% O 2 was introduced in the tube at a flow rate of 50 ml min ¹1 (space velocity = 3.1 © 10 5 h ¹1 ). The CO conversion rate at 298423 K was measured by gas chromatography [Shimadzu GC-8AIT with molecular sieve 5A (6080)] of the product gas. The turnover frequency (TOF) was calculated from the CO conversion rate using a Ru atomic surface area value of 8.6 ¡ 2 29) using following equation:
Number of reacted CO molecule per second Number of atoms at surface of np-Ru ¼ Gas flow rate Â CO concentration in initial gas Â number of molecules in unit volume Â CO conversion rate specific surface area of sample Â sample mass=atomic surface area of Ru :
No preheating treatment was conducted, because the nanoporous structure was maintained even after CO oxidation at 399 K (confirmed by SEM observations) and no substantial structural changes in np-Ru occurred during CO oxidation. For comparison, catalytic activity of commercially available Ru powder (particle diameter < 400 µm, purchased from The Nilaco Corp.) was also examined in a similar manner.
Results and Discussion

Fabrication of np-Ru
Preliminary XRD and EDXS analyses suggested that the initial alloy ingots had uniform composition and crystal structure without surface segregation of elemental metallic Ru. Anodic polarization curves of the Ru alloys are shown in Fig. 1(c) ], which suggested that Mn readily dissolved into H 2 SO 4 from both the Ru 0.20 Mn 0.80 alloy and pure Mn. The monotonic increase in current indicates the evolution of porosity, by the dissolution and aggregation of less and more noble elements, respectively. 14, 30, 31) Thus, Mn is a promising sacrificial element for the fabrication of np-Ru. Figure 2 shows the current transition during electrolysis using Ru 0.20 Mn 0.80 alloy as a working electrode in 0.1 mol/L H 2 SO 4 at a constant potential of +700 mV vs SCE. A large current was observed during the initial stage of electrolysis, followed by a gradual decrease to a negligible level. This transition is similar to the dealloying of AuAg alloy to fabricate nanoporous Au. 32) After electrolysis, the working electrode had become brittle and was washed with distilled water and allowed to dry. During the recovery, washing and drying operation, the sample became powdery.
Microstructure observations and analyses of the sample are shown in Figs. 3 and 4 , respectively, and revealed that np-Ru had been fabricated by dealloying of Ru 0.20 Mn 0.80 . TEM observations of the sample in Figs. 3(a) and 3(b) showed a nanoporous structure with typical pore and ligament sizes of approximately 3 nm, although the overlap of ligaments made the precise measurement of these sizes difficult. To obtain clearer evidence of the nanoporous structure by the coarsening of pores and ligaments, 33) the dealloyed sample was annealed at 773 K for 5 h and at 1273 K for 2 h under an Ar + 5%H 2 atmosphere. SEM observations of dealloyed and annealed samples are shown in Figs. 3(d)3(f ) . The annealed sample exhibited a clear nanoporous structure with ligaments and pores of 200 nm (when annealed at 773 K) and 700 nm (when annealed at 1273 K) in size. The coarsening of the nanoporous structure is similar to that reported for other nanoporous metals including Au, 34) Pt 33) and Pd. 35) XRD patterns of the sample showed broad peaks characteristic of metallic Ru with a hcp structure, as shown in Fig. 4(a) . EDXS showed that the major component of the sample was Ru, and that trace Mn (<10 at%) remained after electrolysis [ Fig. 4(b) ]. N 2 adsorption/desorption isotherms and the pore size distribution calculated from the BarrettJoynerHalenda (BJH) approach are shown in Fig. 5 . The isotherms [ Fig. 5(a) ] indicated that the specific surface area of np-Ru was 51.5 m 2 g ¹1 , using the multipoint BrunauerEmmett Teller (BET) approach. This value is comparable with those of conventional nanoparticulate 36) and nanoporous 37) oxide supports. Calculations based on the isotherms revealed that the volumetric porosity and average pore size of np-Ru were 37% and 3.2 nm, respectively. These parameters are in good Fig. 6 ). These results, together with the TEM images and pore size estimation, indicated that the crystallite size was similar to the ligament and pore sizes in np-Ru. This situation is different from that in the dealloying of AuAg to fabricate nanoporous Au, where the crystallite size is retained during nanoporosity formation and is typically much larger than ligament and pore sizes. 38) It is known and also confirmed by XRD analyses in this study (Figs. 4(a) and 6) , that Ru 0.20 Mn 0.80 alloy has a face-centered-cubic (fcc) crystal structure, 28, 39) while pure metallic Ru has a hcp structure. Thus, the crystal structure changed from fcc to hcp during the dealloying of Ru 0.20 Mn 0.80 . Yu et al. 40) reported that amorphous Pd 0.3 Ni 0.5 P 0.2 can be dealloyed to fabricate crystalline nanoporous Pd whose crystallite size is similar to its ligament size. Thus, changes in crystal structure may result in polycrystalline ligaments in nanoporous metals fabricated by dealloying.
In addition to dealloying under electrochemical potential in H 2 SO 4 , free corrosion (the simple immersion in electrolytes without electrochemical potential) of Ru 0.20 Mn 0.80 in 0.1 mol/L H 2 SO 4 and 1 mol/L (NH 4 ) 2 SO 4 electrolytes was carried out at room temperature. Additional SEM observations and XRD analyses confirmed that both free corrosion experiments resulted in the synthesis of np-Ru with singlenanometer-sized pores. Thus, RuMn alloy is a promising starting material for the efficient production of np-Ru catalysts.
Catalytic activity for CO oxidation
The relationship between reaction temperature and TOF, where CO conversion is less than 10%, is shown in Fig. 7(a) . As the reaction temperature increased, more CO reacted in the presence of the np-Ru catalyst. At temperature above 396 K, almost all CO reacted. On the other hand, commercially available Ru powder showed no catalytic activity on CO oxidation at temperatures below 399 K. Arrhenius plots for the CO oxidation over np-Ru are shown in Fig. 7(b) . The E a determined from the Arrhenius plots was 82 kJ mol ¹1 , and is similar to those obtained in previous CO oxidation experiments with various Ru catalysts, summarized by Assmann et al. 41) including single crystal Ru, 2) polycrystalline Ru 42) and supported Ru nanoparticles. 9, 43) Various factors affect the activity of catalysts, including the catalyst surface oxidation state which is crucially important for CO oxidation over Ru catalysts.
111,4143) Figure 8 shows the XPS result of np-Ru, suggesting that a considerable portion of the np-Ru surface was oxidized [shoulder at 280.5210 eV in Fig. 8(a) ], although the XRD pattern in Fig. 4 (a) exhibited no RuO 2 peaks. This suggests that the npRu surface was partly covered with a very thin active oxide layer, which may have been responsible for the np-Ru activity. However, further analyses such as in-situ infrared spectroscopy are required to elucidate the CO oxidation mechanism over np-Ru, because the metallic Ru surface oxidation state is very sensitive to the atmosphere. 9, 10, 41) On the other hand, a measurable amount of residual Mn was also detected by XPS [ Fig. 8(b) ], although strict elemental composition cannot be calculated due to overlap of Ru 3d and C 1s peaks, unfortunately. The majority of the peak intensity is detected above 639.0 eV corresponding to pure metallic Mn, which suggests oxidation and/or alloyed state of Mn in the np-Ru. Recent publications 4447) show the catalytic activity of crystalline Mn oxides toward CO oxidation at low temperatures; however, crystalline Mn oxides was not detected in the present np-Ru [ Fig. 4(a) ]. Thus Mn oxide at the surface of np-Ru, if any, is in an amorphous state, whose catalytic activity has been not reported for CO oxidation. Furthermore, the activation energy of np-Ru was similar to previous Ru catalysts. These indicate that residual Mn has a possible but minor effect on the catalytic activity of np-Ru for CO oxidation. 
Conclusions
In summary, anodic polarization measurements of Ru alloys with a high content of various sacrificial elements revealed that RuMn alloy is a suitable starting alloy for npRu fabrication. Electrochemical dealloying of Ru 0.20 Mn 0.80 resulted in Mn dissolution and the synthesis of np-Ru with pore and ligament sizes of approximately 3 nm. Synthesized np-Ru exhibited catalytic activity for CO oxidation, with an activation energy similar to those of precedent Ru catalysts. Consequently, np-Ru is a candidate as a recoverable Ru catalyst. Surface features of the nanoporous metal such as surface strain and segregation of residual elements (Mn in this case) may promote catalytic performance, for example, in Fischer-Tropsch synthesis. 48) 
